To examine the mechanism of urethral seam formation during embryonal development of rat urethra. METHODS: Time-mated Sprague-Dawley rats were killed and the genital tubercles of male pups harvested on embryonic day (ED) 15, 16, 18, and 19. External morphology was observed under scanning electron microscope. Serial transverse sections were prepared to examine dynamic changes in the urethral seam morphology with hematoxylin-eosin staining, immunohistochemistry, transmission electron microscopy, and double immunofluorescence. RESULTS: Bilateral outgrowth of urethral swelling followed by urethral plate fusion in the midline to form urethral seam was observed from ED 16 onwards. Coexpression of epithelial and mesenchymal markers was observed in several cells at the urethral seam; a few cells with coexpression of epithelial and apoptotic markers were also observed. Mesenchymal transformation of epithelial cells and apoptotic epithelial cells was observed under transmission electron microscope. CONCLUSION: Urethral formation occurs by tubulogenesis, which initiates proximally and progresses distally. This is the first study to demonstrate epithelial-mesenchymal transformation and epithelial cell apoptosis in the urethral seam cells of fetal rats. These findings provide new insights into the mechanisms involved in embryonal development of the urethra.
H ypospadias is the most common congenital malformation of the urogenital system, with an estimated incidence of one case per 200-300 male live births (1) . An increasing trend in the number of reported cases of hypospadias has been observed over the years (2, 3) . Several recent studies have sought to examine the causation of hypospadias from the environmental science, toxicological, and endocrinological perspectives (4) (5) (6) (7) . However, the etiopathogenesis of hypospadias remains largely unknown (8, 9) . Understanding the normal urethral development can help identify the underlying mechanisms involved in the causation of hypospadias.
Embryology of the male urethra has been studied for decades; however, none of the proposed concepts explain the development of normal urethra in its entirety. According to the classical theory of fusion of urethral folds propounded by Glenister (10) and Hunter (11) , urethral formation occurs due to the closure of bilateral urethral folds. However, the theory was rebuked by Kluth et al. (12) who found no evidence of fusion of urethral folds. Others have postulated an endodermal origin of the urethra, which later differentiates into the squamous epithelium (13, 14) .
The urethral plate refers to the epithelial lining on the ventral part of the genital tubercle (GT), which is the key signal center in urethral formation (15) . Urethral plate fusion generates the urethral seam (16, 17) , and hence disorder of urethral seam fusion is a plausible mechanism that may lead to hypospadias (18, 19) . Others have proposed that epithelialmesenchymal transformation (EMT), epithelial apoptosis, and epithelial cell migration are the key processes involved in the urethral seam formation. However, definitive evidence of the role of EMT or epithelial apoptosis is yet to be obtained (20) .
The aim of our study was to elucidate the morphology and basic processes involved in the embryonic development of the male rat urethra, with a special focus on the role of EMT and apoptosis in urethral seam fusion.
METHODS

Animals
Twenty time-mated Sprague-Dawley rats were used in this study. These were obtained from the Experimental Animal Center of the Chongqing Medical University (Chongqing, China; SPF, License No.: SYXK (Chongqing) 2007-0001) and were raised at the Experimental Animal Center at the Children's Hospital of Chongqing Medical University (SPF, License No.: SYXK (Chongqing) 2007-0016). All experiments involving animals were approved by the Ethics Committee of Chongqing Medical University (license number: SCXK[YU]20110016). The morning on which the vaginal plug was found was considered as the embryonic day (ED) 0. Gender of the embryos was confirmed using polymerase chain reaction for the SRY gene. On EDs 15, 16, 18, and 19 , the GT of male embryos was harvested.
Histological and Immunohistochemical Examination
Penis samples obtained at different time points were formalin-fixed, dehydrated, and paraffin-embedded. Serial transverse sections (4 μm) stained with hematoxylin and eosin were observed under electron microscope (Nikon, 930195, Tokyo, Japan). After antigen retrieval and blockage with bovine serum albumin (ZLI-9027, ZSGB, China), sections of samples obtained after ED 15 were incubated with antibodies against pan-cytokeratin (CK-pan, ab7753, Abcam, UK, 1:3,000, used to label epithelial cells) to highlight the outside skin and inner urethra.
Scanning Electron Microscopy
The penis specimens were washed in normal saline, fixed with glutaraldehyde, dehydrated, and gold-coated for observation under scanning electron microscope (SEM; Hitachi, S-3000N, Tokyo, Japan).
Transmission Electron Microscope
Penis specimens were collected at ED 19 and fixed in glutaraldehyde. After fixation, the samples were dehydrated with incremental concentrations of ethanol, embedded in pure resin, and 20 μm sections prepared with ultramicrotome. These sections were examined under a transmission electron microscope (Hitachi, S-3000N) and photographs obtained.
Double Immunofluorescence
For double immunofluorescent staining, paraffin sections were incubated with primary antibodies against E-cadherin (CST, #14472, Boston, MA, 1:50, used to label epithelial cells) and α-smooth muscle actin (Abcam, ab124964, 1:300, used to label cells of mesenchymal origin), or ZO-1 (Invitrogen, #61-7300, Carlsbad, CA, 1:50, used to label epithelial cells) and N-cadherin (Invitrogen, #33-3900, 1:100, used to label cells of mesenchymal origin), or of CK-pan (Abcam, ab7753, UK, 1:3,000, used to label epithelial cells) and cleaved-caspase 3 (caspase3, CST, #9664, 1:350, used to label apoptotic cells) at 4°C overnight after de-paraffinization, hydration, and blockage in 0.5% bovine serum albumin. On the following day, the sections were incubated with corresponding secondary antibodies for 1 h at room temperature. After nuclear counterstaining with diamidino-phenyl-indole, images were examined under a fluorescence microscope (Nikon, K10587).
RESULTS
Urethral Morphogenesis
To understand the development of rat GTs dynamically, we documented the overview of GTs from ED 15 to ED 19. On ED 15, external genitalia of male embryonic rats appeared as a short conical structure (Figure 1a) , and a faint urethral groove was seen at the front ventral part of GT ( Figure 1d ). On ED 16, external genitalia were found to have assumed a cylindrical shape. At this time, coronary sulcus appeared at the tip of GT (Figure 1b) . At the ventral part, the urethral groove deepened at a point proximal to the coronary sulcus and not at the tip of the urethra. Preputial folds started appearing around the penis (Figure 1e ). On ED 18, external genitalia were longer than before, and a midline groove was observed in the external genitalia ( Figure 1f) . Besides, glans penis and the penile shaft were clearly differentiated and were divided by the coronary sulcus. The skin folds were obvious on both sides of the groove (Figure 1c) . The general view on ED 19 was similar to that on ED 18, and hence the corresponding image has not been included in the figure below.
Urethral Seam Formation
To further study the formation of the urethra, serial sections were prepared from the tip to the bottom of GT to examine the internal structure. From distal to proximal, increase in the transversal area was observed. In the apical section, the midventral epithelium or the urethral plate formed a bend into the mesenchyme with growth of bilateral urethral swellings (Figure 2b-d) . Closer to the proximal urethra, the bend deepened into a hollow central canal (Figure 2e,f) . Simultaneously, the two-layered epithelium grew progressively, approximated each other (Figure 2g) , and finally fused . Urethral groove appears as a complete structure with no signs of a canal inside it. CS, coronary sulcus; ED, embryonic day; PF, preputial fold; SEM, scanning electron microscope; UG, urethral groove.
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in the middle line to form a urethral seam (Figure 2h ). Nearer to the basal urethra, the epithelial cells of urethral seam disappeared, remodeled into the inner urethral epithelium and outer skin, and the urethra formed ( Figure 2i ). Urethral plate development of embryonic rats on ED 15, 16, 18, and 19 underwent the similar process. From the overview of GTs, we observed that prepuce appeared around the penis after ED 15. CK-pan was used to outline the preputial space. All these processes showed that urethra formation occurred by tubulogenesis ( Figure 2 ). During the process of GT development, a membrane was found covering the primitive urethra, under the ventral bottom of the GT (Figure 3 ).
Epithelial-Mesenchymal Transformation
The above observations showed that the urethral seam was formed via urethral plate fusion, and the urethral seam in the lower part of penis was totally formed, began to remodel (Figure 4b ). The question now was what happened to those epithelial cells in the urethral seam during fusion? In order to investigate whether the epithelial cells of urethral plate transformed into mesenchymal cells, we examined these cells with double immunofluorescence. Unexpectedly, some cells expressed E-cadherin while also expressing α-smooth muscle actin (Figure 4c) . Similarly, concomitant expression of epithelial and mesenchymal markers, ZO-1 and N-cadherin, was also observed (Figure 4d) . Subsequently, the phenomenon of EMT was tested further by transmission electron microscope. Many cells with large nuclei and scant cytoplasm were observed scattered in the urethral seam. Among these, several cells were found closely arranged, which had lost their intercellular junctions, and showed only some desmosomal remanants; the formerly smooth basal surface exhibited a filopodial appearance ( Figure 5 ). Epithelial cells underwent profound changes in cell shape such as disappearance of the midline epithelial seam, gradual loss of epithelial characteristics, and acquisition of mesenchymal characteristics, which indicate that EMT did occur during the development of the urethra.
Epithelial Cell Apoptosis
Immunofluorescent co-staining with antibodies against CKpan and caspase3 was performed to assess whether epithelial apoptosis was involved in urethral seam formation. Along with the expression of CK-pan, a few cells that stained positive for the apoptotic marker, cleave-caspase 3, and dense clumps of nuclear material were observed (Figure 6a ). Under transmission electron microscope, several cells exhibited cell membrane shrinkage, chromatin margination, degeneration of cells surrounding the cell junctions, and disappearance of Articles | Zhou et al.
explain the whole disease spectrum. Tissue fusion is an important mechanism in embryonal development and organ formation, such as in the heart, neural tube, and palate (26) (27) (28) . Disruption of these processes underlies several congenital disorders such heart defects, spina bifida, and cleft palate. In this study, by way of serial sections, we observed outgrowth of bilateral urethral folds and apposition and fusion of the urethral plate from a proximal to distal direction, which formed a zipper shape. These findings indicate that urethral development was through tubulogenesis, as verified by other researchers (11, 21, 29) .
Presence of the cloacal membrane at the bottom of the urogenital sinus has been shown in rabbits, pigs, and human embryos (29) (30) (31) (32) (33) (34) . Kluth et al. (35) also documented the presence of cloacal membrane at the ventral surface of the urethra in rats under SEM; however, they did not observe the fusion of urethral folds. On this premise, they concluded that the urethra derives entirely from the endoderm of the primitive hindgut. Besides SEM, we examined serial sections to characterize in detail the development of the urethral inner structures. As depicted in Figures 2 and 3 , the urethral folds continued to grow toward the midline under the cloacal membrane, and the urethral plate invaginated and fused to form the urethral seam. Therefore, we believe that urethral development was through tubulogenesis.
During fusion of urethral folds, the fate of epithelial cells in the urethral seam has been widely contested for years. Similar to that observed during embryonic palate development, EMT, apoptosis, and epithelial cell migration were hypothesized to be involved in urethral seam formation (18, 20) . The pivotal role of EMT in embryogenesis, including in neural crest development, secondary palate formation, heart valve development, and male Mullerian duct regression, is well documented (36, 37) ; EMT dysregulation at the embryonic stage can induce congenital malformations. Some researchers proposed that cellular migration rather than EMT or epithelial apoptosis is involved in urethral seam formation (20) . They attributed their claim to the lack of mesenchymal phenotypes in the epithelial cells in the urethral seam; they instead proposed a change in the orientation and polarization of epithelial cells. Thus, they concluded that urethral seam remodeling was through cell migration and not EMT. However, in our study, we found coexpression of epithelial and mesenchymal markers in the urethral seam (Figure 4) , degeneration of intercellular junctions, and formation of filopodia ( Figure 5 ), which indicates that EMT is indeed involved in embryonal penile development. We presume that the distinct outcomes were the result of choice of the experimental animal. The width of embryonic urethral seam (~30 μm) in mouse is much narrower than that in rats, which allows a relatively large volume of epithelial cells to transgress into the surrounding matrix and migrate to the outer epithelium or the inner urothelium. Therefore, we opted for the rat model as their relatively wide seam facilitates closer examination of urethral seam remodeling. Apoptosis is considered essential in normal embryonal development (38, 39) , for instance, for the regression of anuran's tail. Hadidi et al. (21) did not report any conclusive evidence of epithelial apoptosis. In the study by Baskin et al. (20) , apoptosis occurred among mesenchymal cells in the urethral seam of mouse. However, they found no evidence of epithelial cell apoptosis. Our findings represent a definitive evidence of epithelial apoptosis, as depicted in Figure 5 . We believe that the difference is attributable to the different animal models used. In the narrow seam of mouse, most epithelial cells migrated to the nearby epithelium; the rest of the cells that were too few to be caught even underwent transient apoptosis. In rats, a wide urethral seam and more epithelial cells were allowed for observation. Therefore, rat can be an ideal animal model for such experiments.
With the help of double fluorescence, we identified the following mechanisms involved in normal development of the rat urethra: (i) tubulogenesis; (ii) urethral plate fusion; (iii) EMT; and (iv) epithelial cell apoptosis. Our findings are of much relevance and can help unravel the mechanisms involved in congenital malformations such as hypospadias.
A limitation of our work was that we did not observe any orifices clearly under the SEM; this may be attributable to the peculiar orientation of embryonic species. However, we compensated for this by examination of serial sections up to the actual fusion point. Even though there were several cells found undergoing EMT or apoptosis on a certain section, we believe that overall, only some cells were undergoing this process and most cells stayed relatively static. The most appropriate approach would be to investigate these findings in human embryos in a future study.
CONCLUSION
Rat urethral development involves tubulogenesis at the GT and urethral plate fusion to form the urethral seam. EMT and epithelial cell apoptosis have a role in urethral seam fusion. Aberration of any of these processes during embryonal development may potentially be involved in the pathogenesis of hypospadias.
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